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Abstract. Role of the normal polarization in the far-field subwavelength imaging
granted by a dielectric microsphere or microcylinder is discussed and the hypotheses
explaining this experimental fact are suggested. One of these hypotheses is confirmed
by exact numerical simulations. This mechanism of the magnifying superlens operation
is based on the excitation of creeping waves at a curved dielectric interface by a
normally polarized dipole. The set of creeping waves after their ejection from the
surface creates an imaging beam which may mimic either a Bessel beam or a Mathieu
beam depending on the microparticle radius. This mechanism corresponds to the
asymmetric coherent illumination.
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21. Introduction
Nanoimaging of objects in real time – beyond
scanning the substantial areas with strongly
submicron tips connected to cantilevers – is
a very important branch of nanophotonics.
A lot of top-level studies has been done in
this field recently and pioneering techniques
were developed, such as stimulated emission
depletion [1], awarded by the Nobel prize
in chemistry (2014). However, in spite
of advantages of this method, there are
applications, especially in the biomedicine,
where fluorescent labels in the object area are
prohibited (see e.g. in [2]). Label-free optical
nanoimaging still evokes a keen interest, and
so-called superlenses (see e.g. in [4]) are still
a subject of an intensive research. In the
present work, we concentrate on a technique
which seems to be the most affordable and
straightforward type of superlens - dielectric
spherical or cylindrical microlens.
In work [3] it was experimentally revealed
that a simple glass microsphere operates as a
far-field magnifying superlens – a device which
creates a far-field magnified image of an object
with its subwavelength details detectable by
a conventional microscope. The imaged area
is rather small (several square microns) and
centered by the optical axis of the microscope
passing through the microsphere center. Even
few square microns is an area much larger
than the object field of a scanning near-field
optical microscope (SNOM). Therefore, this
technique promises a much faster imaging of
the whole substrate than the use of SNOM. A
direct analogue of the spherical or cylindrical
dielectric microparticle (MP) operating in the
superlens regime is a metamaterial hyperlens
[11, 12, 13, 14]. However, dielectric MPs are
available on the market and are incomparably
cheaper than the hyperlenses. Therefore,
several scienrific groups have explored this field
since 2011 (see e.g. in [16, 15, 9, 18, 19]). In
[15] a direct lateral resolution on the level δ =
λ/6 was complemented by the interferometric
resolution δ = λ/10 in the normal direction.
Also, in this work it was shown via simulations
that two dipoles located at the surface of a
glass microsphere of the dimensionless radius
kR = 60 with the gap δ = λ/6 between them
can be resolved (in simulations) if and only if
they are excited with nearly opposite phases.
To have opposite phases is impossible for two
small closely located scatterers illuminated
by a plane wave. Moreover, the dielectric
scatterers resolved in [15] with the gap δ =
λ/6 were illuminated by an incoherent light.
Further, the resolution δ = λ/15 was achieved
using a glass MP for two plasmonic scatterers
[16]. The theory of these papers could not
explain these experimental results.
However, in order to properly exploit
a novel technique, one obviously needs to
understand its physics. Initially, the authors
of [3] assumed that this imaging is related
with the phenomenon of so-called photonic
nanojet (PNJ) [5]. The PNJ maintains a
slightly subwavelength ((0.3 − 0.5)λ) effective
width along a path that extends more than 2λ
behind the MP . In works [6, 7, 8] it was shown
that the PNJ is a non-resonant phenomenon
and results from the constructive interference
of cylindrical or spherical harmonics excited
inside the MP by a plane wave. For the
(relative to the ambient) refractive index of
the MP n = 1.4 − 2 a whatever MP radius
from R = λ to R = 20λ corresponds to a
sufficient amount of spatial harmonics which
experience the constructive interference at the
rear extremity of the MP. The studies also
have shown that in the near vicinity of the
rear edge point the package of evanescent
waves is excited that grants to the waist
3of the wave beam a high local intensity.
Authors of [3] assumed: since a plane wave
excites these evanescent waves in a MP, the
evanescent waves excited by a closely located
subwavelength scatterer should reciprocally
convert into propagating waves and form a
PNJ. However, further studies (see e.g. in
[16, 15, 9, 10, 18, 19, 17] etc.) have shown that
a scatterer located near a MP does not produce
a PNJ behind it. Moreover, in work [17] it was
noticed that the explanation of the superlens
functionality of a dielectric MP via the
evanescent waves [9, 10] is disputable because
in presence of evanescent waves the reciprocity
principle is not reducible to the inversion of the
wave propagation. Really, in both focusing and
emitting schemes, the evanescent waves decay
in the same directions – from the rear point
of the sphere. Therefore, the evanescent waves
responsible for the subwavelength width of the
PNJ waist in the focusing scheme cannot be
linked to those excited by the imaged object in
the emitting scheme. To confirm this point in
[17] the exact simulations of the point-spread
function for the structures from [3, 15, 9, 10]
were done and the subwavelength imaging
was absent, though the PNJ in the reciprocal
case manifested the subwavelength waist. The
only difference in these simulations from the
experiments and theoretical speculations in
the cited works was replacement of the 3D
MP (sphere) by the 2D one (cylinder) that
also implies the 2D dipole source (dipole line
parallel to the cylinder axis). One may
believe that the 3D geometry grants specific
mechanisms of superlens operation compared
to the 2D one. However, this belief does not
disable the argument against the explanation
of the MP superlens operation involving the
PNJ and reciprocity. Moreover, the PNJ is
formed by a dielectric MP in both 3D and 2D
geometries with similar efficiency [8]. If the
PNJ model of a 2D MP superlens does not
work (it was clearly proved in [17]) why it will
work for the 3D superlens?
In works [18, 19] resonant mechanisms
of subwavelength imaging by a dielectric
MP were analyzed. One was related to
whispering gallery resonances, another – to
the Mie resonances. In both cases, the
wave packages responsible for subwavelength
hot spots inside the particle experience the
leakage and partial (quite weak) conversion
into propagating waves. Two other resonant
mechanisms were recently reported in works
[20] and [21]. However, all these resonant
mechanisms do not explain why a dielectric
microsphere operates as a far-field superlens
in a broad frequency range. In work [22]
a broadband subwavelength resolution in the
incoherent light was theoretically obtained for
a glass MP. However it was as modest as
δ = λ/4 and demanded the use of an exotic
microscope with a solid immersion lens as an
objective. This microscope has the f-number
smaller than unity. It obviously implies the
reduction of the diffraction-limited image size
of a point source compared to the finest size
granted by a usual microscope δ ≈ 0.5λ
[26]. This size is the radius of the Airy
circle in the image plane and it is equal to
the finest possible resolution of a microscope
[26]. For microscopes with small f-numbers
the Airy circle radius (and finest resolution)
δ = λ/4 does not require additional imaging
devices [27]. However, in all experiments
with microspheres offering the subwavelength
resolution the standard microscopes were used.
Moreover, the resolution was noticeably finer
than δ = λ/4 predicted in [22] as a limit value.
In the present paper, we suggest a
hypothesis that the superlens operation of a
dielectric MP is related to its capacity to
create a diffraction-free wave beam. This
4property should be common for both 2D and
3D geometries. The imaging beam results
from the emission of a dipole source (a small
scatterer) which is polarized normally to the
surface of a MP. There are at least two
mechanisms which result in the formation of
the diffraction-free beam by a dielectric MP.
The first one is an incoherent mechanism
and corresponds to the creation of a radially
polarized Gaussian beam. The second one
demands the illumination by a laser light and
the nonzero phase shift between two dipoles
in order to resolve them. This mechanism of
subwavelength imaging results in either Bessel
or Mathieu imaging beam. This hypothesis
is confirmed by exact numerical simulations.
In the end, we discuss how our results match
the available literature data and predict the
existence of one more mechanism responsible
for the subwavelength imaging by a dielectric
MP.
2. Theory
2.1. Hypothesis of a radially polarized
imaging beam
When the unpolarized light impinges a dipole
scatterer located near an MP (kR  pi),
the scatterer polarizes both tangentially to
the particle surface and normally to it.
To our knowledge, in all known works
aiming to explain the superlens operation
of a microsphere only a tangential dipole p
depicted in Fig. 1(a) was considered. It is
difficult to expect the superlens operation in
this case . For a subwavelength distance d
(kd  pi) there is a near-field interaction
resulting in the formation of the image dipole
pi inside the MP at the distance 2d from
point A. However, this dipole has the opposite
phase with p. The radiation of this pair of
dipoles transmits through the MP as it is
described in work [17] and represents a weakly
directive wave beam experiencing the Abbe
diffraction (the angular beam width grows
with the distance).
For a normally polarized dipole, the
situation depicted in Fig. 1(b) is different.
The corresponding image dipole is in phase
with the real one and the two dipole sources
– real and imaginary can be united into a
dipole effectively located at the interface. In
this case the imaging beam turns out to be
almost diffraction-free. Fig. 1(b) illustrates a
simplistic model of the imaging beam – that
corresponding to the geometrical optics. Rays
emitted by the total dipole with large angles
of incidence to the rear interface of the sphere
(refractive index n) experience total internal
reflection (TIR). Only rays with 0 < α < αTIR
transmit through the sphere. The tilt of the
transmitted ray to the axis x is equal β =
γ − 2α, where γ = arcsin(n sinα). Calculating
the derivative ∂/∂β, it is easy to see that for
n > 1.18 there are no local maxima of β for 0 <
α < αTIR and the maximal tilt corresponds to
the rays with β = βTIR. Moreover, for n = 1.4
βTIR = 0 and all rays created by the dipole
source are parallel to the axis x. It corresponds
to the known fact that the focal point of a
sphere with n = 1.4 is located on its surface
[10]. For a microsphere the radial polarization
of the wave beam (illustrated in Fig. 1(b) by
two sets of the vector E on two symmetric rays)
evidently follows from the problem geometry.
Gaussian beams with radial polarization
are well known in the modern optics. They
have the zero intensity at the optical axis
and are formed as an eigenmode of an optical
microfiber further transmitted into free space
through the output cross section [23]. In
free space an ideal Gaussian beam with radial
polarization and uniform distribution over the
5Figure 1. (a) Radiation of a tangential dipole through a microsphere/microcylinder is weakly perturbed by a
microsphere or a microcylinder. Thick blue lines show the wave fronts. (b) Radiation of a normal dipole through
a microsphere or microcylinder within the framework of geometrical optics results in a radially polarized wave
beam with low convergence. This convergence is zero (β = βTIR = 0) if n = 1.4 (glass).
azimuthal angle is not divergent (see e.g. in
the overview [24]) i.e. does not experience the
Abbe diffraction. If the scheme of an imaging
beam depicted in Fig. 1(b) was fully adequate,
two closely located dipoles would have created
two radially polarized non-divergent wave
beams. Due to the absence of the diffraction,
these beams would interfere inside the MP
where they intersect but would not form a
single beam in which the information on the
gap δ would be lost. On the contrary, they
would propagate along the lines connecting
the dipoles and the MP center. At a certain
distance (that for usual wave beams would be
the Fraunhofer diffraction zone) they would
not intersect anymore and can be developed
by a focusing lens forming two very distant
images of two dipoles. A tightly focusing lens
collects such a beam into a point where E is
polarized axially. In this scenario, the ultimate
resolution granted by an MP is not diffraction-
limited and the Airy circle has nothing to do
with the resolution. The gap δ between two
dipoles is in this scenario magnified by the
factor L/R, where L is the distance from the
MP center to the objective plane. Of course,
the point-wise is not achievable even in absence
of the diffraction since it is restricted by optical
noises [29]. However, it is evident that it
would be much finer than λ/2 for a standard
microscope.
2.2. Hypothesis of the imaging beam produced
by creeping waves
Of course, the geometric optical picture cannot
be fully adequate for a microsphere whose
radius R, though much larger than λ, is still
comparable with it. We can only aim to
approach to this regime as closely as possible
that we plan to do in future papers. In this
work we study a different mechanism of the
subwavelength resolution which demands the
coherent illumination of the object.
If a dipole scatterer is located closely to
the MP (kd  pi) the near-field coupling
results in a very efficient excitation of creeping
waves [25]. The creeping waves (CWs) in the
case of the normally oriented dipole are TM-
polarized and propagate along the interface on
its internal side. Fig. 2 can be referred to both
2D and 3D cases. For different sizes of our
MP the wavenumbers of CWs can vary from
6Figure 2. An m-numbered creeping wave produced by a dipole after its leakage creates two partial beams (±m).
For modest kR the spectrum of CWs is rather broad whereas all M CWs have the angular paths Ψ larger than
pi/2. (b) The case of large kR corresponds to all CWs having the paths Ψ < pi/2. Positive maxima of E along
the CW trajectory are shown as red squares.
km ≈ k to km ≈ k(n+ 1)/2 [28]. For given kR
and n a given source effectively excites a finite
number M of CWs [25, 28]. If kR ∼ 10 − 20
as in Fig. 2(a), all km have real parts nearly
equal to k, whereas the number M of CWs
is comparatively small and the angular paths
Ψm for all CWs from the birthplace to the
ejection point exceeds pi/2. If kR ∼ 50 − 100
– this case corresponds to Fig. 2(b) – all km
have real parts close to k(n + 1)/2, and the
path of all CWs is rather short (Ψm < pi/2),
whereas M is comparatively large. In [25]
it is stressed, that in the case kR  pi the
region where all CWs are ejected from the
boundary is geometrically narrow (the angular
width is as small as 5 − 10◦). As we can see
in Fig. 2, in both cases one m-numbered CW
forms two symmetrically tilted partial beams.
One can be numbered +m and another one can
be numbered −m. Now, let us see what kind
of image of our dipole is formed by such CWs.
2.3. Imaging of one normally polarized dipole
in creeping waves
As an example, consider the most interesting
case when all Ψm are close to pi/2. In Fig. 3.
Here we show the dipole creating three CWs
and the regions where these CWs are ejected
from the MP. Smaller path Ψm corresponds
to larger wave numbers km. Therefore, the
beam ejected from point A passing near the
point B has nearly the same phase as the beam
ejected at B. The same refers to the beams
ejected at points B and C. Though the size of
the ejection region (the distance AC) is of the
order of λ [25, 28], three rays A, B and C are
nearly homocentric as if they were ejected from
a subwavelength spatial region centered at B
and have the common wave front as it is shown
in Fig. 3(a). The same refers to the rays A′,
B′ and C ′. In the 3D geometry, the wavefront
corresponds to the radiation of a ring source of
radius R.
Beams ejected from points B and B’ have
the smallest tilt and can be called partial
beams of the first order (m = ±1), beams
ejected from points C and C’ are partial beams
7Figure 3. Formation of a Bessel-like imaging beam consisting of 2M = 6 partial beams resulting from M
creeping waves. (a) Beams ejected from points A,B,C can be treated as three rays (nearly homocentric and
emitted from the central point B of the ejection region ). The same refers to beams ejected from points A’,B’,C’.
(b) In the Fraunhofer zone, the true phase of the electromagnetic field alternates across the imaging beam
(pi-jumps versus m). Vectors E on every ray are shown in phase (with the interval λ).
of the 2d order (m = ±2) and beams ejected
from points A and A’ are partial beams of
the 3d order (m = ±3). Now let us take
into account that the CW corresponding to
the middle of their spectrum has maximal
amplitude [28], i.e. the electromagnetic field
in the first-order partial beams (ejected from
points B and B′) is higher than that of
the other partial beams. Assume that the
electromagnetic field in the partial beams C
and C ′ (m = ±2) is higher than that in the
partial beams A and A′ (m = ±3). Then
our imaging beam qualitatively mimics the
Bessel function of type Jν of the argument
ξθ, where θ is the tilt angle (ν and ξ are
parameters to be found). The true phase of
the electromagnetic field in the partial beams
jumps from 0 to pi versus m and it can be
treated as the oscillation inherent to the Bessel
function describing the electromagnetic field
(E and H) of our imaging beam. The first
maxima of the Bessel function of θ are positive
and correspond to the directions of the first-
order beams m = ±1. In these partial beams,
the electric field polarized along the polar
vector θ0 is adopted positive. The directions of
the beams m = ±2 correspond to the negative
maxima of the Bessel function. In these partial
beams, the electric field polarized along θ0 is
adopted negative. Subtracting (m − 1)pi from
the true phase of each partial beam we may
introduce its common effective phase and the
common phase front. It is evident, that this
phase front has a non-uniform curvature versus
the polar angle θ. Therefore, the imaging
beam produced by a point dipole cannot be
focused to a single subwavelength spot. In
accordance to Fig. 3(b), our point dipole will
be imaged as two parallel line sources in the 2D
geometry and as a circle in the 3D geometry.
In both cases the imaging beam reproduces the
perimeter of the MP.
However, realistic Bessel beams used in
modern optics though differ from an ideal
Bessel beam exactly described by a Bessel
function Jν(ξθ), still grant the suppression of
the Abbe diffraction by orders of magnitude
[30]. The negligibly small diffraction in the
imaging beam created by the CWs though
does not offer a subwavelength image in the
incoherent light still allows, to our opinion,
a subwavelength resolution. The hypothetic
8mechanism of this resolution will be presented
in the next subsection.
To conclude this part, let us notice that
the Bessel beam can be mimicked by our
imaging beam only if there are CWs having
both Ψ > pi/2 and Ψ < pi/2. In the 2D
geometry it occurs when kR = 20 − 30 and
n = 1.7. In this case, the distribution of
the electromagnetic field across the imaging
beam (simulated below) mimics the Bessel
functions with the indices ν = 0.5 − 1.5 and
an argument proportional to θ. If Ψ < pi/2 or
Ψ > pi/2 for all CWs, the true phases of all
partial beams tilted upward in the geometry
of Fig. 3 will be positive and the true phases
of all partial beams tilted downward will be
negative on the common phase front of the
imaging beam. In our numerical simulations,
we observed Ψ > pi/2 when n = 1.4, kR = 10
and n = 1.7, R = 10 − 20, whereas Ψ < pi/2
corresponds to kR = 20 − 30 and n = 1.4. In
all these cases, the imaging beam turned out to
be a Mathieu-like one. Realistic Mathieu light
beams can be also considered as practically
diffraction-free ones up to centimeter distances
from their source [30].
2.4. Imaging of a pair of normally polarized
dipoles
Consider a pair of dipoles p1,2 separated by
a subwavelength gap δ and located at a
subwavelength distance d from the MP. If these
dipoles are induced in two identical scatterers
1 and 2 by the incident wave polarized along x
as it is shown in Fig. 4, it is basically the same
as the polarization of p1,2 normal to the surface
of the MP, whereas the absolute value of p1,2
of these dipole moments is the same. Two
CWs of the same order produced by these two
dipoles results in two pairs of symmetrically
tilted beams ejected from points A1,2 and A
′
1,2.
The angle between the beams ejected from
points A1 and A2 (A
′
1 and A
′
2) equals δ/R.
This angle is much smaller than the angles
between partial beams of different order m
and even smaller than the angular width of
a partial beam corresponding to a given m.
Therefore, if the phase shift φ is zero between
dipole moments p1 and p2 (e.g. scatterers 1
and 2 are excited by a non-coherent light) we
have the same fields E2 = E1 on the effective
phase fronts of the partial beams emitted from
points A1(A
′
1) and A2(A
′
2). Here we imply the
same phase for the vectors oriented so that the
true phase of Ey and Hz at two symmetric
partial beams differs by pi. In other words,
for a Bessel-like imaging beam we mean the
Bessel phase that takes into account the pi-
jump of the true phase of Ey and Hz between
two adjacent partial beams. For a Mathieu-like
imaging beams we mean the Mathieu phase
that implies pi subtracted from the true phase
of Ey and Hz of all partial beams with m < 0.
For a symmetric dual source p1 = p2,
a slight birefringence of the imaging beam
granted by the gap δ between two dipoles has
no noticeable implications for the imaging. It
only results in a slight extension of the single
dipole image corresponding to the total dipole
p1 + p2. However, a coherent illumination
illustrated by Fig. 4(a) implies p2 = p1 exp(iφ),
where φ = kδ. This situation is drastically
different because we have E2 = E1 exp(iφ)
for two partial beams ejected from the top
and E−1 = E−2 exp(iφ) for two partial beams
ejected from the bottom. Two in-phase partial
beams (the same color in our drawing) have
different tilt angles. The practical absence of
the Abbe diffraction means that these partial
beams though interfere do not mix up and form
an anti-symmetric interference pattern in the
top and bottom parts of the imaging beam.
For all partial beams emitted from the region
9Figure 4. The phase shift between two point dipoles proportional to their separation results in the magnified
image. (a) Two small scatterers 1 and 2, illuminated by a plane wave, acquire dipole moments p1,2 are produce
CWs in the microparticle. Two CWs of the same order imply a birefringence of the imaging wave beam compared
to that produced by one solid scatterer. Since p2 = p1e
iφ two in-phase rays (the same color in our drawing) have
different tilt angles. (b) Each pair of in-phase rays emitted from top and bottom edges of the microparticle with
different tilt angles meet one another with the same phase at points I1 and I2 separated by a substantial gap
2∆y. At both these points M partial beams intersect being nearly focused. Therefore, points I1 and I2 are local
maxima of light intensity.
A1A2 and for those emitted from the region
A′1A
′
2 the phase distribution is anti-symmetric.
The phase difference for a given tilt θ is equal
φ.
In Fig. 4(b) two pairs of in-phase partial
beams (main maxima of the imaging beam
of the Bessel or Mathieu type) meet one
another in phase at points I1 and I2, which
are, therefore, local maxima of intensity. The
coordinate xI of these points is close to the
coordinate of the plane where the top and
bottom parts of the imaging beam converge
and the aforementioned image of the total
dipole is formed. Therefore, around points
I1 and I2 all partial beams are though not
yet focused, but sufficiently converged so that
their intensity at points I1 and I2 would be
sufficient for imaging. Thus, we obtain two
rather weak but distinguished images centered
at points I1 and I2 which are distanced from
one another by the macroscopic gap 2∆y.
This gap is a magnified distance between two
virtual objects V O1 and V O2 and equals to the
product of the gap 2h between these points by
the standard lens magnification factor Γ. V O1
and V O2 are effective phase centers from which
the pairs of the in-phase beams are seemingly
emitted. Since A1A2 = δ, it is easy to see
that h = δ/2 sin Ψ where Ψ is the angular
path of the CW from point pi to point Ai (A
′
i),
i = 1, 2. Since for given kR paths Ψ of different
CWs differ weakly, in our estimation we may
admit that the points V O1,2 correspond to the
mean angle Ψ of the corresponding spectrum
of CWs. Then we may write the result of our
model in the form
∆y = Γ
δ
2 sin Ψ
. (1)
Since sin Ψ is not very small the magnifi-
cation of the dual dipole source is of the same
order of magnitude as the standard magnifi-
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cation granted by the lens. The same refers
to the image seen in a microscope. In the 2D
case, points I1 and I2 on the plane xy mean the
central lines of the strips of enhanced intensity.
The local maximum of intensity at these points
is granted by the constructive interference of
any partial beam +m with a beam −m cre-
ated by the same source and having therefore
a different tilt. In the 3D case, the points I1,2
are namely points of the maximal intensity and
not traces of a ring. The ring imaging the total
dipole is located in a different plane xR 6= xI
(distanced by several λ). The gap between the
dipoles 1 and 2 is located in the plane xy, the
phase shift between symmetrically tilted rays
holds namely in this plane and the correspond-
ing maxima of intensity are formed only in this
plane. Thus, a conformal magnified image of
two dipole scatterers separated by a subwave-
length gap δ arises in both 2D and 3D cases.
Here, it is worth noticing that the virtual
objects in Fig. 4(b) arise if and only if the
dipoles p1 and p2 are out of phase. If the
beams ejected from points A1 and A2 are in
phase, the top and bottom parts of the imaging
beam are homocentric and we will see only the
image of the total dipole in the plane x = xR.
Moreover, these objects are located as it is
shown in the drawing only in the case φ = kδ.
It is important that the areas of enhanced
intensity centered by points I1,2 are not images
of separate dipoles p1 and p2. What is
shown in Fig. 4(b) is a consolidate image
of an asymmetric (phase-shifted) dual source.
However, in accordance to formula (1) it is
a conformal image. It keeps conformal if
the incidence of the illuminating wave is not
grazing and the phase difference φ between
the rays ejected from points A1 and A2 is
equal φ = kδ cos Φ, where Φ is the incidence
angle counted from the y-axis. In this case,
the right-hand side in (1) should be multiplied
by cos Φ. When cos Φ decreases maxima of
intensity at points I1,2 become weaker and
for a certain Φ overlap. The minimal phase
shift still granting the resolution as well as
the minimal gap δ cannot be found from
these qualitative speculations. They may
be retrieved from exact simulations or found
experimentally. However, this is not a subject
of the present paper. The main message
of this theoretical part is the hypothesis of
a key role of the object polarization in the
direction orthogonal to the surface of the MP.
We have assumed here that this polarization
is responsible for the diffraction-free imaging
wave beam created by a dielectric MP.
3. Calculations: Results and
Discussions
In this section we report only the simulations
of a 2D structure because for kR  10
no one available simulator offers a reliable
solution of the 3D problem (at least, in a
reasonable computation time). Meanwhile
COMSOL Multiphysics provides a rapid solver
of 2D problems. It allowed us to obtain
the color movies of the wave beams, color
maps of their intensities and vector maps.
Using COMSOL we are capable to study the
evolution of the wave beams up to hundreds λ.
On the first stage, we checked the accuracy of
the COMSOL solver reproducing the results
obtained for a tangentially oriented dipole
source in work [17]. We obtained the results
depicted in Figs. 7 and 8 of [17] for a glass
cylinder with radiuses kR = 10, 20, 20.382, 30
for a dipole located at the distance d = 1/k.
The case of whispering gallery resonance when
kR = 20.382 corresponds to the maximal
image size. We have further analyzed the
diffraction spreading of the transmitted beam
in the Fraunhofer zone of the MP and can
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confirm what is claimed in [17] about the
properties of a point-spread function. We have
seen no CWs excited by a tangential dipole
in both glass MP (n = 1.4) and in MP of
transparent resin (n = 1.7).
3.1. Simulations for one normally polarized
dipole line
We have performed extended numerical simu-
lations of the structure with a single normally
polarized dipole line source varying the radius
of the MP in the range kR = 10 − 30 for
two values of the refractive index n = 1.4 and
n = 1.7. In our simulations, the distance d
from the sources to the cylinder is equal 1/2k.
For the dual source the gap between the dipole
lines was equal δ = 2d. The phase shift in
the dual source in our simulations was varying
from 0 to kδ(n + 1)/2 (the results for φ = kδ
are most important).
In Fig. 5 we present two instantaneous
pictures of the wave movie for the cases kR =
10, n = 1.4 and kR = 20, n = 1.4. The
patterns of dominating CWs are clearly seen.
In the case kR = 10 all CWs eject from the
bottom part of the particle i.e. Ψ > pi/2 as
it was expected. The vertical (x-) component
of the electric field has the same true phase at
two points symmetrically located with respect
to the axis x. The intensity is maximal in
the partial beams of lowest order m = ±1.
This beam mimics a Mathieu function and our
studies of its evolution in the Franhofer zone
confirm it. In the case kR = 20 some CWs
have the angular path Ψ > pi/2 and some
CWs have Ψ < pi/2 as it was expected. For
this case we expected to obtain a Bessel-like
imaging beam. However, in this particular case
the imaging beam does not mimic any Bessel
function – the intensity in the partial beams
m = ±1 is lower than that in the partial beams
m = ±2 for which the intensity is maximal
over m. The distribution of the magnetic field
Hz in this case mimics the derivative of the
Bessel function over the index: ∂Jν(ξθ)/∂ν,
where ξ ≈ 15 1/rad and ν = 1.5. Such beams,
to our knowledge, have never been studied. In
our simulations we have not found the features
of the Abbe diffraction for these beams, like
other cases when the imaging beams mimic the
Mathieu and Bessel beams.
Fig. 6(a) shows that the effective angular
width of all partial beams keeps the same at
large distances from the MP corresponding to
its Fraunhofer zone. There is no typical spread
inherent to the Abbe diffraction. We have
checked that the Mathieu-like imaging beam
(negative coordinates x here correspond to the
domain behind the cylinder) keeps practically
diffraction-free up to 100− 200λ. We are sure
that the diffraction is not similarly absent at
larger distances up to macroscopic ones. In
Fig. 6(b) we have shown the phase distribution
of the magnetic field vector (H = Hz0) across
four partial beams m = ±1,±2. The true
phase jumps by pi at the symmetry axis and
subtracting this jump we see the symmetric
phase distribution that we called above the
Mathieu phase. Partial beams m = ±1,±2
occupy the region y = [−7, 7]λ and we see
a small oscillation of the phase corresponding
to the dark area between the partial beams
m = ±2 andm = ±3. Notice that the Mathieu
phase is not constant across a partial beam
because the dashed line shown in Fig. 6(a)
does not coincide with the phase front. The
numerical retrieval of the phase front is doable
but difficult and not relevant. Jumps of the
Mathieu phase equal to 2pi are introduced in
Fig. 6(b) to make the plot more compact. Both
pictures Fig. 6(a) and (b) correspond to our
theoretical expectations.
Similar conclusions refer to all our simu-
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Figure 5. Single radially polarized source – wave pictures of the Fresnel zone for a glass microparticle with
kR = 10 (a) and kR = 20 (b). Red arrows show E in some symmetrically located points of the wave picture.
Figure 6. Single source – an intensity map in the optically large area (a) and a phase distribution across partial
beams with m = ±1,±2,±3 (b). White dashed line in (a) shows the argument of the phase distribution in (b).
Glass microparticle with kR = 10, λ = 550 nm.
lations for a single normally oriented dipole.
Two more examples are presented in Fig. 7.
Here in both pictures Fig. 7(a) and Fig. 7(b)
we can see the mixture of two mechanisms of
subwavelength imaging. In the wave picture
Fig. 7(a) we observe a weaker impact of CWs.
Here a radially polarized imaging beam with
low divergence as in Fig. 2(b) is presented to-
gether with the Mathieu-like beam resulting
from CWs. The mechanism of CWs is more
pronounced in Fig. 7(b). The features of the
diffraction were not found for both these cases
until 100− 200λ.
In Fig. 8 we present a comparison of the
large-area intensity maps for the cases kR =
20, n = 1.4 and kR = 20, n = 1.7. In the first
case, the imaging beam mimics the function
∂Jν(15θ)/∂ν at ν = 1.5 and in the second case
– the function J1(ξθ), where ξ = 31. In both
cases, there are no features of diffraction.
3.2. Simulations for a dual normally polarized
source
We have performed similar simulations for a
symmetric (in-phase) dual source with δ =
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Figure 7. Single source – a wave picture in the large area for n = 1.4 (a) and an intensity map in the same area
for n = 1.7 (b). Here kR = 30 and λ = 550 nm.
Figure 8. Single source – intensity maps in the large area for n = 1.4 (a) and n = 1.7 (b). Here kR = 20 and
λ = 550 nm.
2d = 1/k and observed no changes but a slight
angular extension of the partial beams by the
angle close to δ/R. Below we concentrate
on the case of the asymmetric dual source
p2 = p1 exp(ikδ). The impact of the phase
asymmetry is especially spectacular when n is
larger and kR is smaller. In Fig. 9 we compare
the wave pictures obtained for a symmetric
dual source and an asymmetric one when
n = 1.7 and kR = 10. Since in this case
Ψ > pi we observe a standing wave pattern in
the microparticle that resembles a whispering
gallery resonance (though it is not so). in the
symmetric case (as well as for a single source)
it results in strongly dominating partial beams
of the first order. In the asymmetric case, this
picture is drastically modified. Even from the
wave picture in the Fresnel zone it is clear that
the image of the asymmetric source should be
qualitatively different from that of a symmetric
one.
In Fig. 10 we compare the spatial
distributions of the vector E (shown by arrows
on the background of a wave picture) for two
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Figure 9. Dual source – wave pictures for the symmetric (φ = 0) case (a) and asymmetric (φ = kδ) case case
(b). Here kR = 10 and n = 1.7.
Figure 10. Single source (a) and asymmetric dual (b) source – vector distributions and wave pictures for the case
kR = 10, n = 1.4. Dashed lines show the bounds of partial beams. The color map represents the instantaneous
magnetic field and arrows show the direction of total electric field. The color map for a dual source is brighter
because the total dipole moment is larger.
cases: (a) a single dipole source and (b) a
dual asymmetric source. In these pictures,
the bounds of partial beams m = ±1,±2
are shown by dashed lines. For the dual
source we see that the angular width of partial
beams is slightly extended (nearly by δ/R,
as predicted by the theory). The phase
of the electric field on the rays propagating
with the same tilt θ to the x-axis in the
left and right halves of the plot depicted
Fig. 10(b) are clearly different. Visually it
is impossible to estimate this difference, but
qualitatively, these observations confirm the
theoretical expectations. Note, that in Fig. 10
the color map shows only positive maxima
of H (those where Hz > 0). Therefore the
distance between the bright areas of picture is
here equal λ (not λ/2 as in the wave pictures
above). This is also the reason why the bright
areas in the left (y < 0) and right(y > 0) halves
are shifted by λ/2.
Finally, in Fig. 11 we present typical
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Figure 11. Asymmetric dual source. Intensity (a) and phase (b) distributions across six partial beams for the
case kR = 10, n = 1.4.
distributions of intensity and phase across an
imaging beam. The distributions corresponds
to the case n = 1.4, kR = 10 (Mathieu
beam) and in this example the axis y crosses
the partial beams m = ±1,±2,±3 on
the same distance as in Fig. 6(a). For
comparison, in Fig. 11(a) we show also the
intensity distribution corresponding to the
symmetric dual source. This distribution
corresponds to the concept of the Mathieu
beam and the asymmetric source grants
the interference of two Mathieu beams.
Comparing Figs. 11(b) with the symmetric
counterpart depicted in Figs. 6(b) we see that
the theoretic expectations are fully confirmed
by simulations. The even function of y
is replaced by an asymmetric one, and the
Matheiu phase taken at the point y differs
from that taken at (−y) by nearly φ. Similar
calculations were performed for kR = 20 − 30
(n = 1.4) and for kR = 10 − 30 (n =
1.7) and we saw that this phase asymmetry
holds in all cases for Mathieu imaging beams,
Bessel beams and a newly-revealed diffraction-
free beam which emulates the Bessel function
derivative over the index. We have also
checked that the extension of the phase shift
from φ = kδ to φ = kδ(n + 1)/2 keeps the
mechanism illustrated by Fig. 4(b). In this
case, the Mathieu or Bessel phase difference
for two equally tilted rays corresponding to
+m and −m increases from φ = kδ to φ =
kδ(n + 1)/2. This corresponds to the increase
of the distance 2∆y between points I1 and I2.
On the contrary, the reduction of φ decreases
the phase shift between two symmetrically
tilted rays (and should, therefore, decrease the
magnification).
3.3. Discussion
In this work, we have concentrated on the
superlens operation in the regime when CWs
are efficiently excited by a dipole source
polarized normally with respect to the MP
surface. Since the spectrum of CWs is discrete
and finite they eject from the MP surface
forming a symmetric set of partial beams that
we treat as an imaging beam. The polarization
of this beam is anti-symmetric with respect
to the axis drawn between the source and
the particle center. The distribution of the
phase and amplitude of the field across the
imaging beam allowed us to assume that
the imaging beam is practically diffraction-
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free. This assumption was confirmed by exact
simulations. Depending on the MP radius
the imaging beam turned out to be either the
Bessel beam or the Mathieu beam.
Unfortunately, the absence of diffraction
does not guarantee the subwavelength resolu-
tion. Two point-wise scatterers with the sub-
wavelength gap δ  λ between them create
in the regime of CWs an imaging beam that
has practically the same intensity distribution
as that created by one (total) dipole located
in the middle of the gap. They cannot be re-
solved if they are in-phase. However, if this
dual source is coherent and comprises a phase
shift proportional to δ, in a plane shifted for-
ward with respect to the image plane of the
total dipole two maxima of intensity arise at
two sides of the optical axis. The gap between
these maxima is proportional to δ.
The key hypotheses referring to the
CW regime were confirmed by the numerical
simulations. Here we do not report only the
image resulting from the CWs. Also, we do not
present a study of the finest possible resolution
in this regime. These issues will be reported in
our next papers. To simulate the structures
we have simulated above adding a 2D lens in
a COMSOL project is possible. However, in
order to obtain the subwavelength image we
should suppress besides of the diffraction also
the aberrations. This task is difficult and it
is not reasonable to add it to the goals of the
present paper.
Instead, let us analyze the literature
data having in mind the mechanism of
the subwavelength imaging suggested above.
In work [31] the superlens operation of a
barium titanate microsphere in the case of
a coherent illumination by a laser light was
experimentally studied. Here the scatterers
to be resolved represented the grooves and
notches in the silicon substrate on which the
MP was located. Two cases of the wave
incidence were studied: a symmetric one
(along the x axis in our notations) and an
asymmetric one (20◦ to the y axis). For
the symmetric excitation the subwavelength
(δ < λ/2) resolution of two scatterers was
obtained for scatterers located in a circle of
radius 0.8µm centered by the point where
the sphere touched the patterned substrate.
Since the sphere in this experiment had the
radius R = 27µm all points of this circle are
distanced by 10 nm or less from the surface
of the MP. This subwavelength imaging can
hardly be treated as that granted by a sphere.
The mechanism of this imaging is governed by
the properties of a tiny air crevice between two
highly refractive materials.
The asymmetric incidence offers the
enlargement of the circle in which the
subwavelength resolution is observed. In the
asymmetric case this radius is twofold and the
distance between the sphere and the substrate
increases from 10 nm up to 40 nm. In the
outer part of the circle the field concentration
is not so high, and the spherical profile of
the MP becomes important. For the sources
located in this area the mechanism assumed
in the present paper can prevail. Sources
located further from the touching point are not
resolved simply because they are too distant
from the sphere and therefore do not excite
the CWs so efficiently.
4. Conclusions
In the present work, we suggested and dis-
cussed some possible non-resonant mechanisms
of the superlens operation of a dielectric mi-
croscphere or microcylinder. We claim that
there are several mechanisms of nanoimaging
granted by these MPs and that, contrarily to
the popular opinion, some of them (if not all)
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have nothing to do with the phenomenon of a
photonic nanojet.
In the present paper, we consider the MP
without a substrate. Then, to our opinion,
a non-resonant superlens operation of a MP
is granted by the normal polarization of the
object with respect to the MP. There are
two mechanisms of the far-field subwavelength
imaging – a coherent one and an incoherent
one. A coherent mechanism (when the image
results from the set of creeping waves) is
considered here in more details. A non-
coherent one (when the image is created by the
radially polarized beam) is concerned briefly.
In our next papers, we plan to continue the
study of the coherent mechanism and to prove
the feasibility of the incoherent one.
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